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Platelet-derived growth factor (PDGF) is a dimeric 
factor stabilized by disulfide bonds. Using an approach 
involving partial redaction of PDGF, we have identi- 
fied the 2nd and 4th cysteine residues in the PDGF 
chains as the cysteine residues forming interchain di- 
sulfide bonds. Analysis of PDGF mutants in which the 
2nd and 4th cysteine residues were mutated to serine 
residues revealed that the disulfide bonds are arranged 
in a cross-wise manner, with ihe 2nd cysteine residue 
in one chain being linked to the 4th cysteine residue in 
the other. 

A PDGF B-chain mutant, in which both the 2nd and 
4th cysteine residues were substituted with serine res- 
idues, migrated as a monomer in sodium dodecy 1 sulfate 
gel electrophoresis and -retained receptor binding ac- 
tivity. When analyzed in receptor dimerization and 
autophosphorylation assays, this mutant showed agon- 
istic activity. Thus, structural information has been 
obtained that will allow the large scale production of 
properly folded monomeric PDGF, as well as design of 
specific PDGF heterodimr rs. 



Platelet-derived growth factor (PDGF) 1 is a potent mitogen 
for connective tissue cells and certain other cell types (for 
reviews see Refs. 1 and 2). PDGF occurs as different isofonns 
of disul fide-bonded homo- or heterodimers of A- and B- 
polypeptide chains. The biological effects of the PDGF iso- 
fonns are exerted via binding with different affinities to two 
similar receptor types, denoted or- and 0-receptors, both of 
which are protein tyrosine kinases (3-5). The A-chain of 
PDGF can bind to the a-receptor whereas the B-chain can 
bind to or- as well as ^-receptors (6-10). Ligand binding 
induces receptor dimerization and autophosphorylation, fol- 
lowed by the phosphorylation of tyrosine residues on specific 
cytoplasmic substrates. 

The two polypeptide chains of PDGF are structurally sim- 
ilar. Both are synthesized as precursor molecules with N- 
terminal hydrophobic leader sequences (11, 12). After dimer- 
ization, the molecules are proteolytically processed in the N 

• The costs of publication of this article were defrayed in part by 
the payment of page charges. This article must therefore be hereby 
marked "advertisement" in accordance with 18 U.S.C. Section 1734 
solely to indicate this fact. 

1 The abbreviations used are: PDGF, platdet-derivjd growth factor; 
BSA, bovine serum albumin; BS 3 , bir(sulfosuccinimidyl)suberate; 
DTT, dithiothreitol; HPLC, high performance liquid chromatogra- 
phy; PAE, porcine aortic endothelial; PBS, phosphate-buffered saline; 
PMSF, phenylroethylsulfcnyl fluoride; oDS, sodium dodecyl sulfai*; 
Hepss, 4-(2-hydroxyethyl)-l-pi|)erazineethanesulfoni<r ..-id 



termini and, in the case of the B-chain, in the C terminus 
(13). In the mature parts of the molecules of about 100 amino 
acids each, there is a 60% amino acid sequence similarity with 
a perfect conservation of the 8 cysteine residues in each chain. 
Despite the fact that the B-chain has a hydrophobic leader 
sequence, it is only inefficiently secreted from the producer 
cell. This is due to the presence of a stretch of basic amino 
acid residues in the C-teraiinal part of the molecule which 
serves as a retention sequence (14, 15). Interestingly, a similar 
retention sequence is found in a longer splice variant of the 
A-chain, but not in the more common shorter variant. 

Some information is available regarding the epitopes in the 
PDGF isoforms that are involved in receptor binding. A 
systematic screening of peptides derived from the B-chain of 
PDGF for their abilities to inhibit the binding of l25 Mabeled 
PDGF isoforms to a- and 0- receptors revealed that a peptide 
containing B-chain amino acids 116-121 and 157-163 was a 
fairly efficient inhibitor of binding to both receptor types. 2 
This peptide furthermore had antagonistic activity in receptor 
dimerization and phosphorylation assays. These data suggest 
that the two regions in PDGF contained in the peptide are 
important for the interaction with determinants common for 
the two receptor types. Also, by substituting or deleting amino 
acids in the PDGF B-chain, the region between codons 106- 
118 was found to be of importance for receptor binding (16, 
17). To specifically identify those regions mediating the B- 
chains unique ability to bind the 0-receplor, amino acids in 
the B-chain of PDGF were systematically replaced with the 
corresponding amino acids in the A-chain; Asn-115, Arg-154, 
and Ile-158 were thus identified as important for the unique 
property of the B-chain to interact with the 0-receptor (18), 
By using cell transformation as an assay, it was concluded 
that B-chain amino acids 105-140 inserted in the A-chain 
gave full B-chain activity (19). The reason for the discrepancy 
between the data in these two investigations is not known but 
may be related to the difference in assay methods used. 

In order to further explore the mechanism for dimerization 
of receptors and its role in the activation of the receptor 
kinases, monomeric PDGF subunits with retained receptor 
binding activity would b* very valuable. Attempts have been 
made to use the conventional method to identify interchain 
disulfide bonds by isolation of disulfide-contsining pepf fde« 
after proteolytic cleavage of non-reduced PDGF; however, due 
to the high density of cysteine residues in PDGF, this ap- 
proach has been futile. 3 In the present communication we 
have identified two interchain disulfide bonds in PDGF using 



2 U. Engstrom, A Engstrom, A. Erntund, B. Watermark, and 
C.-H. Heldin, submitted for publication. 
3 U. Hell man, unpublished data. 
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an approach involving partial reduction of the molecule. After 
mutation of the two implicated cysteine residues to serine 
residues, monomeric PDGF was produced by transient expres- 
sion in COS cells. We show that the obtained product has at 
least partial agonistic activity in receptor dimerization and 
autophosphoiylation assays. 
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MATERIALS AND METHODS 

Partial and Complete Reduction Followed by Alkylation of PDGF- 
AA— For partial reduction, 90 /ig of recombinant PDGF-AA (long 
splice version) was treated with 3 mM DTT in 220 pi of 0.36 M Tris- 
HCl, pH 8.2, for 2 h at 20 *C. The exposed SH groups were allowed 
to react with 9 mM iodoacettc acid in the same solution for 15 min. 
The obtained monomers were isolated by gel chromatography on 
Superose 12 (1 x 30 cm) in 6 M urea, 0.3 M NaCl, and 1 M acetic acid 
at a flow rate of 15 ml/h. The resulting fractions were analyzed by 
SDS-gel electrophoresis (20) followed by silver staining; th« fractions 
containing monomeric PDGF were desalted by reversed-phase HPLC 
on a narrow bore Brownlee Aquapore C4 column (2.1 x 30 mm). An 
aliquot of the material was subjected to analysis by a receptor binding 
assay (see below); a major part of the material was then subjected to 
complete reduction with 20 mM DTT in 4 M guanidine HC1, 1 M Tris- 
HC1, pH aO t and 10 mM EDTA for 2 h at 37 *C. The freed SH groups 
(previously involved in the intrachain disulfide bonds) were alkylated 
by tht addition of 2 /il of 4-vinylpyridine and incubation for 2 h at 
room temperature. After another desalting, as described above, the 
material was dried in a rotor evaporator and subjected to proteolytic 




Digestion with Staphylococcal Protease V8 (Gtu-C) and Fragment 
Separation— The completely reduced and pyridyl-ethylated PDGF A- 
chain was digested with Glu-C protease (Boehringer Mannheim) at 
an enzyme to substrate ratio of 1:50 (w/w) for 15 h at 37 *C in 200 pi 
of 2 M urea and 0.1 M ammonium bicarbonate. At the end of the 
reaction time the mixture was applied onto a Brownlee Aquapore C4 
(2.1 x 30 mm) narrow bore column, and the fragments were eluted 
by a linear gradient of propanol-1 (0-27% in 60 min) in 0.16% 
trifluoroacetic acid at a flow rate of 100 pl/min. The effluent was 
monitored by a photodiode array detector (Waters 990), and spectral 
data between 200 and 300 nm were collected for later evaluation. 
Fractions were collected manually. 

N'terminal Sequence Analysis of Proteolytic Fragments—The ap- 
propriate HPLC fractions were dried directly onto a Polybrene- 
treated glass fiber disc and subjected to Edman degradation in an 
Applied Biosystems 477A peptide sequenator equipped with an on- 
line phenylthiohydantoin-amino acid analyzer (120A). The instru- 
ments were operated according to the manufacturer with minor 
modifications. 

Construction of cDNAs Encoding Monomeric PDGF A- and £- 
CTwws—cDNAs encoding the short splice variant of the PDGF A- 
chain (11) and PDGF B-stop (14) have been described. Substitutions 
of the codons corresponding to the second (pS VASer2) or the fourth 
(pSVASer4) cysteine residues from the N terminus of PDGF A-chain 
(Cys-123 and Cys-132, respc.tively) or both these codons 
(pSVmonoA) were done using the method of Kunkel et at (21) on an 
uracil-containing template encoding wild type PDGF A-chain. The 
corresponding codons in the B -chain cDNA (Cya-124 and Cys-133) 
were also mutated to serine codons using the same method to generate 
the plasmid pSVmonoB; in this case, codon 191 was also converted 
to a stop codon to obtain a secretable form of the protein (14). The 
expression vectors pSVmonoA, pSVASer2, and pSVA°*r4 were gen- 
erated by cloning of the mutated fragments into the EcoKl/Ball sites 
of the expression vector pSV-FDCF-A102A (pSVA) (22), where the 
corresponding wild type fragments had been excised pSVmonoB was 
generated by cloning into the EcoBl site of pS V7d. All the plasmids 
were sequenced over the region encoding the mature part of the 
protein. A schematic illustration of the coding regions of the final 
constructs is shown in Fig. 1. 

Expression and immunoprecipitation of Recombinant Proteins— 
The pSV constructions encoding the monomeric PDGF chains as 
well as pSVA and pSVBstop were transfected into COS cells as 
described (14) using 20 #ig of plasmid DNA and 0.6-1 x 10* ceils in 
60-mm culture dishes. Two days after transtection, metabolic labeling 
was performed by growing the cells overnight in 1.5 ml of cysteine- 
free MCDB 104 medium supplemented with 0.1 taCi oi ("SJcysteine/ 
ml. 10% dialyzed fetal calf serum, and antibiotics. After labeling, the 
media vwe collected and cleared of cell debris by centrifugation. The 
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Flo. 1. Schematic illustration of the wild type and mutant 
PDGF chains used in the present study. Open areas represent 
the mature parts of the polypeptide chains, and the striped areas 
represent the N-terminal sequences that are cleaved off during proc- 
essing. The 8 conserved cysteine residues (C) in the A- and B-chains 
are indicated. The amino acid numbers at the processing sites and C- 
terminal ends are also indicated. Shaded S indicates a cysteine residue 
that has been mutated to a serine residue. 

cells were washed once in PBS, collected by scraping, and lyeed in 
?£ ° f i° ? £ NaCl 20 Trifl -HCl, pH 7.6, 0.5% Triton X-100. 
1% Trasylol (Sigma), and 1 mM PMSF. The cell lysates were centri- 
fuged for 15 min at 10,000 x g and the supernatants subjected to 
lmmunoprecipitations together with the conditioned media. Samples 
were precleared by incubation with 15 pi of norma) rabbit serum at 
4 *C for 1 h, followed by addition of GO pi of a 50% Protein A 
Sepharose slurry in PBS. After incubation at 4 *C for 30 min, the 
beads were removed by centrifugation. The media and cell lysates 
then received id jii of anusera raised against PDGF-AA or -BB {26} 
and were then incubated for 4*C for 2 h. After incubation with 
Protein A-Sepharose as above, the beads were washed 5 times with 
0.5 m NaCl, 20 mM Tris, pH 7.5, 5 mg/ml BSA, 1% Triton X-10U, 
and 0.1% SDS and once with 20 mM Tris-HCl, pH 7.5. The immu- 
nocomplexes were eluted by addition of 200 pi of non-reducing sample 
buffer and incubation at 95 # C for 3 min. Half of the eluted mates-al 
was reduced by addition of DTT to a final concentration of 10 mM, 
followed by incubation at 95 *C for 2 min, and was then alkylated by 
addition of iodoacetamide to a final concentration of 50 mM. The 
samples were analyzed by SDS-gel electrophoresis, using 12-18% 
polyacrylamide gels, followed by fluorography. 

Receptor Binding A.ialysis of Recombinant Proteins— Transections 
of COS cells were carried out as described above. Thirty-six hours 
after transfection, media were changed to 1.5 ml of serum-free me- 
dium and conditioned tor another 48 h. The media were then applied 
onto a narrow bore reversed-phase C4 HPLC column (2.1 x 30 mm) 
for desalting and concentration. The column was washed with 0.1% 
trifluoroacetic acid, and the retained material was eluted with 70% 
acetonitrile in 0.1% trifluoroacetic add. After evaporation, samples 
were dissolved in one-tenth of the original volume of PBS, and the 
amount of PDGF o> and 0-receptor binding activity was determined 
by analyzing serial dilutions with regard to their ability to compete 
with "f-PDGF-AA and !a T-PDGF-BB, respectively, for binding to 
Human foreskin fibroblasts (AG 1518, purchased from the Human 
Mutant Cell Repository, Camden, NJ). Cells were grown in Falcon 
24-well plates to confluence and then washed once in binding buffer 
(PBS containing 1 mg/ml BSA, 0.9 mM CaCI 2 , and 0.5 mM MgClt). 
Cell cultures were *hen incubated at 0 *C for 2 h in 200 pi of binding 
buffer con* -niLig different dilutions of the conditioned media or 
known amounts of PDGF-AA or PDGF BB for standardization of 
the assay. The cells were washed twice with binding fcuffer before 
radiolabeled PDGF-AA or PDGF BB (about 0.5-2 ng containing 
15,000-30,000 cpm) in 200 pi of binding buffer was added. After 
incubation at 1 "C for 1 h, the cells were washed 5 times with binding 
buffer and then tysed in 200 /d of 20 mM Tris-HCl, pH 7.5, 1% Triton 
X-100. and 10% glycerol at room temperature for 20 min. The amount 
of solubilized l ~I radioactivity was then measured in a ^-counter. In 
the preceptor binding assays, the cells had been depleted of a- 
receptors by a 60- min preincubation with 50 ng/ml PDGF-AA at 
37 *C. Labeled and unlabeled PDGF-AA and -BB were obtained as 
described (24). 

Phosphorylation of PDGF 0- Receptor- Conditioned media from 
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cultures of COS cells transfected with pSVBstop, pSVmonoB, or from 
mock-transfected cells were desalted and concentrated as described 
above. A radioreceoptor assay was canted out in order to determine 
the receptor binding activity. The media from the cells transfected 
with pSVmonoB or pSVBstop were then adjusted with mock-trans- 
fected medium to a receptor binding activity of 100 ng/ml. PAE cells 
expressing PDGF ^-receptors (25). grown in 25-cm 2 dishes, were 
labeled in serum- and methionine-free MCDB 104 medium supple- 
mented with 0.1 mg/ml BSA and 0.1 mCi of ("Sjmethionine/ml for 
3 h at 37 *C. The cells were then stimulated with 1 ml of the different 
concentrated conditioned media for 30 min at 4 *C. As a positive 
control, 1 ml of mock-transfected medium with 100 ng/ml recombi- 
nant PDGF-BB was used. The cells were washed once with PBS, 
scraped into a lysis buffer of 20 mM Tris-HCl, pH 7.5, 160 m.M NaCl, 
10 mM EDTA, 0.5% deoxycholate, 0.5% Triton X-100, 30 mM pyro- 
phosphate, 1% Trasybl, and 1 mM PMSF, and cleared by centrifu- 
gation for 15 min at 10,000 X g. Half of the cell lysate was incubated 
at 4 "C for 2 h with 5 pi of the antiserum PDGFR-3, raised against a 
peptide in the PDGF 0-receptor sequence (26); the other half was 
incubated with 1 n\ of antiserum against phosphotyrosine (27). The 
immunocomplexes were precipitated with 60 pi of a 50% slurry of 
Protein A-Sepharose in PBS. The beads were washed 3 times wii !i 
lysis buffer, twice with 20 mM Tris-HCl, pH 7.6, 0.5 M NaCl, 1% 
Triton X-100, and once in distilled water. Elution of the immunocom- 
plexes was performed by adding 100 pi of sample buffer containing 
4% SDS, 0.2 mM Tris-HCl, pH 8.8, 0.5 M sucrose, 5 uiM EDTA, 
0.01% bromphenol blue, and 2% 2-mercaptoethanoL Immunocom- 
plexes were analyzed by SDS-gel electrophoresis, using a 7% aery I - 
amide gel followed by fluorography. 

Dimerization of PDGF 0-Receptor—VAE cells expressing precep- 
tors, labeled with [ M S] methionine as described above, were incubated 
for 90 min at 4 *C with 1-ml portions of concentrated conditioned 
media from COS cells transfected with pSVBstop, pSVmonoB, or 
mock-transfected cells. The cells were then washed once with PBS 
and lysed in a solubilization buffer containing 20 mM Hepes, pH 7.4, 
100 mM NaCl, 0.5% Nonidet P-40, 10% glycerol, 1 mM PMSF, and 
1% Trasylol for 20 min at 4 *C, and cleared by centrifugation at 
10,000 X g for 30 min. Cross-linking of the PDGF 0-receptor was 
performed with 1 mM BS 3 for 30 min at room temperature; the 
reaction was stopped by incubation in 50 mM Tris-HCl, pH 7.5, for 
10 min at room temperature. Immunoprecipitation with the PDGFR- 
3 antiserum followed by analysis of the samples by SDS-gel electro- 
phoresis and fluorography was performed as described above. 

RESULTS 

Identification of Cysteine Residues in PDGF That Are In- 
volved in Interchain Disulfide Bridges—Each PDGF chain 
contains 8 cysteine residues, and it has not been possible to 
demonstrate free SH groups in the molecule. 3 Therefore, 
PDGF most likely contains an even number of interchain 
disulfide bridges; the most probable arrangement of disulfide 
bridges is thus two interchain bridges and, in addition, three 
intrachain bridges in each subunit We hypothesized that the 
interchain disulfide bonds might be more susceptible to re- 
duction than the intrachain disulfide bonds and therefore 
attempted to identify the interchain disulfide bonds using an 
approach involving partial reduction of the PDGF molecule. 

In order to titrate the conditions for partial reduction, 
aliquots of PDGF-AA (the long splice variant) were incubated 
with different concentrations of DTT for 2 h at room temper- 
ature; samples were then alkylated and analyzed by SDS-gel 
electrophoresis under nonreducing conditions, followed by 
silver staining. As shown in Fig. 2/1, PDGF-AA gradually 
shifted from a dimeric form of about 30 kDa to a monomelic 
form of about i / kDa with increasing concentration of DTT. 
At 3 mM DTT almost all PDGF appeared as a monomer; 
however, this material migrated slower in SDS-gel electro- 
phoresis than fully reduced PDGF and thus most likely still 
contained intrachain disulfide bonds. This finding was con- 
sistent with our Hypothesis that the interchain disulfide bonds 
in PDGF are more susceptible to reduction than the intra* 
chain bond* and encouraged to perform the partial reduction 
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Fig. 2. Partial reduction of PDGF-AA. A, PDGF-AA was in- 
cubated in different concentrations of DTT for 2 h at 20 *C in PBS 
or fully reduced in 10 mM DTT for 5 min at 95 *C in SDS sample 
buffer. The samples were then alkylated and analyzed by SDS-gel 
electrophoresis under non-reducing conditions, followed by silver 
staining. B, 90 fig of PDGF-AA was subjected to partial reduction 
with 3 mM DTT for 2 a at 20 *C, then alkylated and subjected to 
chromatography on « Superose 12 column, as described under "Ma- 
terials and Methods. Dimeric (pool /) and monomelic (pool If) 
forms of PDGF-AA are indicated. C, the ability of the monomeric 
form of PDGF-AA (pool //) (□) to compete with : *1-PDGF-AA for 
binding to PDGF a-receptors was analyzed. Native (•) and fully 
reduced (■) PDGF AA were analyzed in parallel. 

in a preparative scale to allow the identification of the cysteine 
residues involved 

Ninety pg of PDGF-AA was incubated in 3 mM DTI 1 for 2 
h at room temperature, then alkylated with iodoacetic acid 
and subjected to gel chromatography on a Superose 12 column. 
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The material ehited in two peaks, denoted I and II (Fig. 20), 
which were shown by SDS-gel electrophoresis to represent 
dimeric and monomeric PDGF, respectively (data not shown). 
The monomeric PDGF- A was then subjected to a receptor 
binding assay: it was found to retain 3-10% of the ability to 
compete with 12fi I-PDGF-AA for binding to human fibroblasts, 
as compared with unreduced PDGF-AA (Fig. 2C). In contrast, 
fully reduced PDGF A-chain had very low receptor competing 
activity. Partially reduced PDGF A-chain thus retains some 
ability to bind to the a-receptor. 

In order to identity the cysteine residues involved in the 
interchain disulfide bonds, the partially reduced monomeric 
PDGF-A was subjected to foil reduction, followed by labeling 
of the freed SH groups with 4-vinylpyridine; the pyridyleth- 
ylated cysteine residues, which were involved in intrachain 
disulfide bonds, were thereby rendered a specific absorption 
at 234 nm. The protein was thereafter subjected to proteolytic 
cleavage with Glu-C protease, and the peptides were fraction- 
ated on a Brownlee C4 HPLC column (Fig. 3A ). The obtained 
peptides were then sequenced; the sequences of the peptides 
that gave information about the cysteine residues are shown 
in Fig. 3B. Cysteine residues involved in interchain disulfide 
bonds, which were alkylated with iodoacetic acid after partial 
reduction, would be expected to appear as carboxymethylcys- 
teine, whereas the cysteine residues involved in intrachain 
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disulfide bonds, which were alkylated with 4-vinylpyridine, 
would be expected to appear as pyridylethylcysteine. As shown 
in Fig. 3£, the 2nd and 4th cysteine residues (Cys-123 and 
Cya-132 in the PDGF A-chain) appeared as carboxymethyl- 
cysteine, where the other 6 appeared as pyridylethylcysteine. 
These results suggested that the 2nd and 4th cysteine residues 
in PDGF-AA form the interchain disulfide bonds. 

Mutation of Cysteine Residues Forming Interchain Disulfide 
Bonds in PDGF— To verity the results obtained by the partial 
reduction approach and to allow further characterization of 
monomeric PDGF, codons for the 2nd and 4th cysteine resi- 
due (Cys-123 and Cys-132, respectively) in a PDGF-A cDNA 
were mutated to serine codons. The mutated fragment was 
cloned into an expression vector, and the obtained plasmid 
pSVmonoA, was transfocted into COS cells; iimnunoprecipi- 
tation of conditioned medium from [^Jcysteine-labeled cells 
revealed only the monomeric form upon analysis on SDS-gel 
electrophoresis (Fig. 4A ). The fact that PDGF-monoA shifted 
in migration when it was analyzed under reducing conditions 
suggests that it contains intrachain disulfide bonds. Further- 
more, PDGF-monoA was well recognized by an antiserum 
raised against wild type PDGF-AA, which does not recognize 
denatured PDGF A-chain. These observations support the 
notion that the conformation of PDGF-monoA is similar to 
that of the two polypeptide chains in the corresponding dimer. 
A similar mutant of the PDGF B-chain, PDGF-monoB, in 
which the 2nd and 4th cysteine codons were mutated to serine 
codons, was also analyzed In this mutant codon 191 was in 
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staphylococcal protease V8 fragments of reduced and alkyl- DTT . _ + + 0TT + + 
ated PDGF A-chain. A, pool II of the Superose 12 chromatography 

(Fig. 2B) was fully reduced and alkylated with 4-vinyEpyridine, de- Fig. 4. Immanopredpitations of transient!; expressed 

salted, and then subjected to degradation with staphylococcal V8 monomeric PDGF chains. A, conditioned iiivoia from l^Slcysteine- 

protease. The fragments were separated on a narrow bore C4 column labeled CCS cells transfected with pSVA [A ) or pSVmonoA (mA ), 

by a linear gradient of propanol-1 in 0.16% trifluoroacetic acid. SP1- as well as media from mock-transfected CCS cells (-), were immu- 

SP4 denote fragments whose N-tenninal sequences are marked in B. noprecipitated with an antiserum against PDGF-AA; samples were 

All other major peptides were also sef-ueTieed, but only those that analyzed by SDS-gel electrophoresis in the absence or presence of 

contribute to the elucidation of the interchain disulfide bond config- DTT, followed by fluorography. D f conditioned media from |^S| 

u ration are indicated in the figure. B, N-tenninal amino acid Be- cysteine-labeled COS cells transfected with pSVBstop (B) or 

quences of staphylococcal protease fragments Spl-SP4. The 6ors pSVmonoB (mB), as well as medium from mock -transfected COS 

represent positive identification of the corresponding amino acid in cells (-), were immunoprecipitatcd using an antiserum against 

the PDGF A-chain sequence. Carbozymetkylcysteine and pyridyl- PDGF-BB; samples were anpJyied by SDS-gel electrophoresis in the 

ethylcj steine are represented by # and @, respectively. absence or presence of DTT, followed by fluorography. 
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addition changed to a stop codon to obtain a secreted product 
(14). This product showed the same pattern as the A-chain 
analog when expressed in COS cells and analyzed by immu- 
nopiecipitation and SDS-gel electrophoresis (Fig. 4fl). In 
order to determine if PDGF-monoA and PDGF-monoB were 
able to bind to the PDGF receptors, concentrated conditioned 
media from COS cells transfected with pSVmonoA or 
pSVmonoB were analyzed for their abilities to compete with 
'"I-PDGF-AA and 125 I-PDGF-Bfl for binding to a- and 0- 
receptors, respectively. In this assay, PDGF-monoA showed 
no detectable binding to the preceptor (data not shown), 
whereas PDGF-monoB competed relatively well for binding 
to the 0-receptor (Fig. 5). 

The Interchain Disulfide Bonds in PDGF Are Arranged in 
a Cross- wise Manner— In order to determine the arrangement 
of the interchain disulfide bonds between the 2nd and 4th 
cysteine residues, two new mutants were constructed: PDGF- 
ASer2 with the 2nd cyateir^ residue mutated to a serine 
residue, and PDGF-ASer4 with the 4th cysteine residue mu- 
tated to a serine residue. If the 2nd and 4th cysteine residue 
are disulfide-bonded with the corresponding residue in the 
other chain, these mutants would be expected to form dimers. 
If on the other hand, the disulfide bonds are arranged in a 
crr,$; ivise manner with the 2nd cysteine residue linked to the 
4th, and vice versa, dimers can only be formed when PDGF- 
ASer2 and PDGF-ASer4 are expressed together. After trans- 
action of pSVASer2, pSVASer4, or both plasmids together 
into COS celb, followed by immunoprecipitation of the con- 
ditioned media of {^Sjcystcine-iabeled cello and analysis by 
SDS-gel electrophoresis, dimers were seen only when the two 
plasmids were cotransfected (Fig. 6A). Receptor binding 
analysis of concentrated conditioned media from COS cells 
transfected with pSVASer2, pSVASer4, or both plasmids 
together revealed a much more efficient competition for bind- 
ing to the a-receptor with medium from COS cells cotrans- 
fected with pSVASer2 and pSVASer4 compared with media 
from cells transfected with only one of the plasmids (Fig. 6B). 
We conclude that the 2nd and 4th cysteine residues are 
disulfide-bonded cross-wise in the PDGF dimer. 

Functional Properties of PDGF-monoB— An important 
question to answer was whether the binding of monomelic 
PDGF to PDGF receptors induced an agonistic or antago- 
nistic effect. PDGF-monoB was therefore analyzed for its 
ability to activate the 0-receptor in an autophosphorylation 
assay. ("S]Methionine-labeled 0-receptor expressing PAB 
cells was therefore stimulated with concentrated conditioned 
media from COS cells transfected with pSVmonoB or 
pSVBstop (adjusted to a receptor binding activity of 100 ng/ 




1 2 4 a 16 32 (no/mJ) 
200 100 50 30 io (foM dttution) 

PDGF-BB (eg/ml) and conditioned medium 
(totd dilution) added 

Fig. 5. Receptor binding analysis of PDGF-monoB. Condi- 
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BB for binding to the PDGF preceptor were then tested A standard 
curve with known amounts of PDGF-BB is indicated (•). 
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Fig. 6. depression of PDGF A-chain mutants with the 
2nd or 4th cysteine residues substituted with a serine residue. 
A f COS cells were transfected with pSVA (A), pSVASer2, pSVASer4, 
or pSVASer2 and pSVASer4 together. Cells were labeled with [ M S] 
cysteine; the conditioned media from the transfected COS cells or 
from mock-transfected COS cells (-) were then immunoprecipitated 
with a PDGF-AA antiserum. Samples were analyzed by SDS-gel 
electrophoresis in the absence of presence of DTT, followed by 
fluorography. B, conditioned serum-free media from COS cells trans- 
fected with pSVA (O), pSVASert <□), pSVASer4 (■), and with both 
pSVASer2 and pSVASer4 (A) were concentrated, desalted, and tested 
for the ability to compete with l28 I-PDGF-AA for binding to the a- 
receptor. Hie assay was standardized with known amounts of PDGF- 
AA (•). 

ml) or with medium from mock-transfected cells. The cells 
were lysed and subjected to immunoprecipitation with anti- 
serum against the 0-receptor and against phosphotyrosine. 
Analysis of the imrnunoprecipitates by SDS-gel electropho- 
resis revealed that both the products from pSVBstop and 
pSVmonoB stimulated autophosphorylation of the receptor 
(Fig. 7A). To determine if PDGF-monoB also caused dimeri- 
zation of the receptor, 0-receptor-expressing PAE cells were 
labeled with [ M SJmethionine and stimulated with concen- 
trated conditioned media from COS cells transfected with 
pSVmonoB or pSVBstop. The cells were then lysed and the 
0-receptor cross-linked with BS 3 . Immunoprecipitation, fol- 
lowed by SDS-gel electrophoresis and fluorography, showed 
that both PDGF-monoB and PDGF-BB caused dimerization 
of the receptor (Fig. IB). 



Interchain Disulfide Bonds in PDGF 



A 

body: R3 



,10- 



.<-P.Tyt 



200- 



»!imut»tJon : - s mS 60 - B nt8 r68 




stimulation - m0 B rBB 



Fic. 7. Phosphorylation and dimer! ration of the PDGF 0- 
receptor by PDGF-monoB. A % [ M S]methionine-labeled PAE cells 
expressing the PDGF 0-receptor were stimulated with concentrates 
of conditioned media from COS cells transfected with pSVBstop (B) 
or pSVmonoB (mB) adjusted to a receptor binding activity of 100 
ng/ml or with medium from mock-transfected cells (-). As a positive 
control, 100 ng of recombinant PDGF-BB in mock-transfected me- 
dium were used (rBB). The cell tysates were immunoprecipitated 
with antibodies against the PDGF 0-receptor (R3) or with antibodies 
against phosphofymBine (a-P-Tyr). The iramunoprecipitates were 
analyzed by SDS-gel electrophoresis in the presence of 2-mercapto- 
ethanol, followed by fluorography. fl, 0-receptor expressing cells were 
labeled and stimulated as in A. The cells were then solubilized and 
the receptors cross-linked with BS 3 . Immunoprecipitations followed 
by SDS-gel electrophoresis and fluorography were performed as in A. 

DISCUSSION 

We show in the present communication that the 2nd cys- 
teine residue from the N terminus in the PDGF chains forms 
an interchain disulfide bond with the 4th cysteine residue of 
the other chain in the dimer. Since PDGF seems not to 
contain any free SH groups, it is likely that a second inter- 
chain disulfide connects the 4th cysteine residue in the first 
chain with the 2vd cysteine residue in the second chain. This 
suggests that the two subunits in the PDGF dimer arc ar- 
ranged in an antiparallel manner. The remaining 6 cysteine 
residues in each PDGF chain are thus most likely involved in 
intrachain disulfide bonds, the exact localization of which 
remains to be established. Two additional members in the 
PDGF femily were recently identified, vascular endothelial 
growth factor (also called vascular permeability factor) (28, 
29) and placenta growth factor (30). These factors are dimeric 
molecules which show a perfect conservation of the cysteine 
residues of PDGF; it will be interesting to see whether the 
analogous cysteine residues in these factors are involved in 
interchain disulfide bonds. 

An initial characterization of the functional properties of 
the monomeric PDGF B chain, in which the 2nd and 4th 
cysteine residues were mutated to serine residues, revealed 
agonist activity. Thus, PDGF-monoB induced PDGF precep- 
tor dimerization and autophosphorylation (Fig. 7). The mech- 
anism whereby PDGF-monoB causes receptor dimerization is 
not known. It is possible that the binding of monomeric PDGF 
induces a conformational change in the extracellular domain 
of the receptor, which promotes receptor dimerization. The 
small monomeric iigand epidermal growth factor seems to 
induce receptor dimerization via such a mechanism (31). 
Alternatively, PDGF-monoB may form dimers, which aie not 
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stabilized by disulfide bonds. The ligand for the PDGF recep- 
tor-like molecule c-Kit has been shown to appear as a non- 
Asulfide-bonded dimer (32, 33) and to induce dimerization of 
rtsreceptor (34). Preliminary attempts to determine whether 
PDGF-monoB appears as a monomer or a dimer under phys- 
iological conditions have been inconclusive due to the poor 
recovery of PDGF-monoB in most chromatographic systems. 4 
Activation of the receptor kinase and autophosphorylation 
are intimately correlated to receptor dimerization (6-10). 
Therefore, regardless of the mechanism involved, it is possible 
that PDGF-monoB-induced receptor dimerization is suffi- 
cient for receptor activation. 

Analysis of PDGF-monoA and PDGF-monoB after tran- 
sient expression in COS cells revealed that PDGF-monoA, in 
contrast to PDGF-monoB, had a very low or no receptor 
binding activity. The reason for this difference remains to be 
elucidated. It is possible that the ability of PDGF-monoB to 
form noncovalently stabilized dimers is higher than that of 
PDGF-monoA. There may also be a difference in stability or 
recovery of the products. Monomers formed after partial 
reduction of PDGF-AA did show receptor binding activity 
(Fig. 2C), suggesting that monomeric PDGF A-chain with the 
2nd and 4th cysteine residues alkylated has different proper- 
ties compared with one in which these residues were mutated 
to serine residues. 

The assignment of the 2nd and 4th cysteine residues as 
being involved in interchain disulfide bonds is consistent with 
observations made on PDGF mutants expressed in bacteria 
(35). Mixing of a PDGF mutant with the 2nd cysteine residue 
mutated to a serine residue and one with the 4th cysteine 
residue mutated to a serine residue was found to yield disul- 
fide-bonded dimers, whereas either one of the mutants alone 
did not (36). Previous studies, in which the transforming 
properties of PDGF B-chain mutants with individual cysteine 
residues were changed to serine residues were determined, 
revealed that mutation or cysteine residues 1, 3, 6, and 7 
abolished the activity (36, 37). Apparently, perturbation of 
intrachain disulfide bonds, which involves these residues, has 
a severe effect on the ability of the product to activate its 
receptor. The finding that mutation of the 2nd and 4th 
cysteine residues has less effect on the transforming activity 
of the PDGF B-chain is consistent with our finding that 
PDGF-monoB has receptor agonist activity. 

The feet that the interchain bonds in PDGF are arranged 
in a cross-wise manner gives a possibility to specifically as- 
semble heterodimers, which could potentially be used as 
receptor antagonists. It would for instance be possible to co- 
express a PDGF chain with only the 2nd cysteine residue 
mutated, with a PDGF chain with the 4th cysteine residue 
mutated and which contains additional mutations that pre- 
vents receptor binding. Such a heterodixner would bind to 
receptors in a monovalent manner and might thus prevent 
receptor dimerization and activation. Specific PDGF antago- 
nists could be clinically useful to inhibit PDGF in conditions 
involving excels PDGF stimulation, certain fibrotic con- 
ditions 
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